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Orchestral Maneuvers in the Axon: Minireview
Trio and the Control
of Axon Guidance
Genetic screens have identified the transmembrane ty-
rosine phosphatase Dlar, the cytoplasmic tyrosine ki-
nase Abl, the tyrosine phosphorylated protein Ena, and
the actin binding protein profilin as components of sig-
naling pathways involved in axon guidance. As Dlar
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binds to Abl and to Ena, and as Ena binds to profilin, aHarvard Medical School
pathway from Dlar all the way down to actin is comingBoston, Massachusetts 02115
into focus (Hu and Reichardt, 1999). LAR and Mena, the³Department of Neurobiology
mammalian homologs of Dlar and Ena, are found in bothHarvard Medical School
filopodia and focal adhesions, and could regulate theBoston, Massachusetts 02115
formation of these structures in growth cones (Lanier
and Gertler, 2000).
Another group of signaling molecules likely to mediateDuring the formation of the nervous system, newly born
axon guidance signals is the Rho family of smallneurons send out axons to find their targets. In its quest
GTPases. Activation of the Rho GTPases Rac and Cdc42toward the target, each axon is led by a growth cone,
promotes the formation of lamellipodia and filopodia,a motile and dynamic structure at the axon's distal end.
respectively, and induces the formation of adhesiveThe growth cone responds to extracellular axon guid-
complexes that stabilize these structures (Nobes andance cues by changing shape, speed, and direction, and
Hall, 1995; Kozma et al., 1997). In contrast, activationalso chooses between different extracellular substrates
of the Rho family member RhoA leads to increased acti-upon which to migrate (Tessier-Lavigne and Goodman,
nomyosin contractility and growth cone collapse. Thus,1996; Van Vactor, 1999). Until recently, the growth cone
Rac and Cdc42 activation mimicks attractive axon guid-had been somewhat of a black box, with the intracellular
ance cues, while Rac and Cdc42 inhibition or RhoAmechanisms regulating guidance poorly characterized.
activation mimicks repulsive cues. Consistent with aNow, a series of papers in Cell and Neuron identify Trio,
function for Rho GTPases in axon guidance, expressionan activator of Rho GTPases, as a key transducer of
of dominant-negative or constitutively active forms of
axon guidance signals in the fly (Awasaki et al., 2000;
Rac, or loss of the Rac and Cdc42 effector Pak, results
Bateman et al., 2000; Liebl et al., 2000; Newsome et al.,
in axon guidance defects in flies (Luo et al., 1994; Kauf-
2000). We review here how a set of independent genetic
mann et al., 1998; Hing et al., 1999). Furthermore, in C.
studies converged on this very versatile molecule, help-
elegans, mutations in the Rho GTPase mig-2 lead to
ing to bring the orchestral maneuvers of axon guidance various axon guidance and neuronal cell migration de-
molecules out of the dark. fects (Zipkin et al., 1997).
Now on Stage: Signaling Molecules Given that Rho GTPases regulate actin dynamics, a
The past few years have witnessed the discovery of critical but previously unanswered question is how axon
various extracellular factors that control axon guidance, guidance factors might modulate their activity. Rho
and of the cell surface receptors that bind these factors. GTPases exist in two conformations, an inactive GDP-
How the ligand±receptor complexes control axon guid- bound form and a GTP-bound form capable of activat-
ance is not yet clear, but is thought to involve signaling ing downstream pathways (Van Aelst and D'Souza-
to the actin cytoskeleton at any of several locations Schorey, 1997). Dbl family guanine nucleotide exchange
along the growth cone. The advancing edge of a growth factors (GEFs) activate Rho GTPases by facilitating the
cone consists of lamellipodia and filopodia, web-like uptake of GTP. Spatially restricted regulation and/or
and finger-like protrusions of the cellular membrane recruitment of Dbl GEFs by axon guidance receptors
containing filamentous actin. Within the body of the would provide an elegant explanation for how the local
growth cone, complexes of filamentous actin attach the presentation of axon guidance factors leads to local
advancing edge to the substratum and mediate contrac- alterations in actin dynamics and consequently to
tion of the growth cone. Attractive axon guidance cues changes in growth cone speed and direction. Consistent
generally promote the extension of lamellipodia and filo- with a role for GEFs in regulating movement, loss of the
podia and lead to growth cone advancement, while re- Dbl GEF UNC-73 in the worm results in multiple defects
pulsive cues cause the collapse of these structures and in axon guidance and neuronal cell migration (Steven et
result in growth cone contraction. Somehow, extracellu- al., 1998). In this issue of Cell and this month's issue of
lar axon guidance molecules must coordinate changes Neuron, a set of studies describe the cloning of fly Trio,
in actin dynamics within lamellipodia, filopodia, and/or a homolog of UNC-73, and present evidence that Trio
adhesive complexes, leading to the effective control of mediates the effects of axon guidance factors on actin
growth cone movement. dynamics.
Trio Plays on Pak: Insights from the EyeMuch of what is known about signaling pathways in-
In each of the studies, analysis of the fly Trio sequencevolved in axon guidance comes from work in Drosophila.
revealed two occurrences of a Dbl homology (DH) do-
main followed by a pleckstrin homology (PH) domain.
Found in all Dbl GEFs, the DH-PH element folds as a§ To whom correspondence should addressed (e-mail: greenberg@
a1.tch.harvard.edu). unit to form a pocket for the substrate Rho GTPase, and
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Figure 1. Axon Guidance in the Fly Photoreceptor Projection
(A) In the wild-type photoreceptor projection, most photoreceptor axons (red) project to the more superficial layer, the lamina, while a small
subset of photoreceptor axons (green) project to the deeper layer, the medulla. (B±D) Mutant phenotypes in the fly photoreceptor projection
are presented. In each panel, only the subset of axons with the indicated phenotype is shown; in actuality a photoreceptor projection may
contain axons with phenotypes of various severities. Genotypes that result in each phenotype are listed. (E) A simplified model of actin
regulation in the photoreceptor projection.
exhibits specificity in ability to activate the various Rho in turn activates Pak. Although genetic enhancement
does not discriminate between proteins working in se-GTPases. The first DH-PH element of fly Trio activates
fly Rac, while the second DH-PH element fails to activate ries in a linear pathway or in parallel in separate path-
ways, it seems likely that Trio functions to activate Pakany of the six fly Rho GTPases (Newsome et al., 2000).
Trio also contains a conserved N-terminal region found (Figure 1E).
Abl and Dlar Join the Orchestrain several other Dbl GEFs, a series of spectrin repeats,
and an SH3-like domain. Fly Trio protein is highly ex- The motor axon projection of the fly embryo provides
another system in which molecules controlling axonpressed in axons and growth cones, placing it in position
to transduce axon guidance signals (Awasaki et al., guidance can be identified and tested. Within each seg-
ment of the developing embryo, motor neurons extend2000; Newsome et al., 2000).
Dickson and colleagues present a compelling case axons in the intersegmental nerve (ISN) to innervate par-
ticular body wall muscles. One branch of the ISN, thethat Trio is a transducer of axon guidance signals during
fly eye development (Newsome et al., 2000). During for- ISNb, defasciculates (splits off) from the ISN at a defined
point and turns away to innervate target muscles (Figuremation of the eye in the fly larva, photoreceptor neurons
project axons through the optic stalk to targets in the 2A). In an earlier study, Van Vactor and colleagues found
that low doses of cytochalasin, an inhibitor of actin poly-lamina and medulla, two layers in the optic lobe of the
brain (Figure 1A). In previous studies, loss of Dock, merization, cause a ªbypass phenotypeº in which ISNb
axons defasciculate from the ISN but fail to turn, thusthe fly homolog of the mammalian adaptor molecule Nck,
was found to result in aberrant fasciculation of photore- bypassing their targets (Figure 2C; Kaufmann et al.,
1998). Overexpression of RacN17, a dominant-negativeceptor axons, overshoot of axons through the lamina,
and the eventual mispositioning of axons beyond the Rac molecule, also results in a bypass phenotype. Taken
together, these findings suggest that ISNb turning maymedulla in the adult (Figures 1B and 1C; Garrity et al.,
1996). In mammals, the SH2 domain of Nck binds to be mediated by Rac control of actin dynamics.
Loss of the transmembrane tyrosine phosphatase Dlartyrosine-phosphorylated transmembrane proteins while
one of its three SH3 domains binds Pak, a serine-threo- or overexpression of the tyrosine kinase Abl results in
axon bypass phenotypes, and Dlar and Abl directly as-nine kinase with actin-regulatory functions. Indeed, Pak
and dock mutant phenotypes are similar, and membrane sociate in vitro, implying that Dlar and Abl function in a
common signaling pathway to control motor neuronlocalization of Pak largely rescues the dock phenotype,
suggesting that the primary function of Dock is to recruit axon guidance (Hu and Reichardt, 1999). Because hu-
man Trio was originally identified as a protein that bindsPak to the membrane (Hing et al., 1999). However, bind-
ing to active Rac or Cdc42 is required for activation of to LAR (Debant et al., 1996), Van Vactor and colleagues
hypothesized that fly Trio may connect a Dlar-Abl com-Pak kinase activity. In their study in this issue of Cell,
Dickson and colleagues provide evidence that Pak is plex to Rac (Bateman et al., 2000). The authors isolated
the fly Trio sequence using a combination of degenerateregulated by Trio activation of Rac during photoreceptor
axon guidance (Newsome et al., 2000). PCR, library screening, and database searching, and
then obtained mutations in trio. Their analysis of trioIn a novel and elegant screen, Dickson and colleagues
mutagenized flies and then used tissue-specific mitotic mutants revealed a phenotype similar to that of Abl mu-
tants. In particular, the predominant phenotype in eitherrecombination to create homozygous mutant eyes,
allowing them to examine the effects of mutating genes trio or Abl mutants is ªstopping short,º a failure of ISNb
axons, after successful defasciculation and turning, towhose loss in the whole organism would cause lethality.
Screening for flies with defective retinal projection pat- complete their extension toward their most distal target
muscle (Bateman et al., 2000; Figure 2B). The similarityterns, they isolated alleles of dock, Pak, and trio. The
phenotypes of trio and Pak are similar, consistent with of the trio and Abl phenotypes is consistent with the
possibility that both Trio and Abl regulate growth coneTrio functioning to activate Pak. Furthermore, heterozy-
gosity for Pak enhances weak trio mutations. Biochemi- guidance by affecting actin dynamics.
Working independently, Liebl and colleagues clonedcal studies have shown that Trio activates Rac which
Minireview
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Figure 2. Axon Guidance in the Fly Motor Neuron Projection
(A) In the wild-type motor neuron projection, axons comprising the ISNb nerve (red) defasciculate from the ISN nerve (green) and project to
muscle targets (gray). (B±D) Phenotypes in the motor axon projection of the fly embryo are presented. Genotypes that result in each phenotype
are listed. (E) A simplified model of actin regulation in the motor neuron projection.
a gene identified in an earlier genetic screen for hetero- Ras GTPase. Finally, as has also been suggested by
studies on Vav1, the activity of Trio could be modulatedzygous enhancers of the lethality caused by mutation
of Abl, and discovered that this gene encoded Trio (Liebl by the binding of its PH domains to phospholipids,
whose production could be regulated by axon guidanceet al., 2000). Flies lacking Abl display defects in the
formation of the embryonic ventral nerve cord, including receptors. On the other hand, it is possible that compo-
nents of tyrosine phosphorylation pathways do not di-thinning and breakage in axon tracts, and heterozygos-
ity for trio exacerbates this phenotype. Along with two rectly regulate the activity of Trio during axon guidance,
but modulate the phosphorylation of cytoskeletal pro-other groups (Awasaki et al., 2000; Bateman et al., 2000),
Liebl et al. observed that loss of trio alone, like loss of teins downstream of Rho GTPases.
One way to gain insight into Trio regulation may beAbl, leads to thinning of tracts. Thus, as in the motor
axon projection, trio and Abl phenotypes resemble each to perform structure±function analysis. Newsome et al.
show that a Trio transgene with an inactivating mutationother.
These studies implicate Trio, Abl, and Dlar in common in the second DH-PH element still rescues the trio phe-
notype in the eye, implying that the second DH-PH ele-axon guidance decisions, and raise the possibility that
they function in a common signaling network. In their ment is not required for axon guidance. Interestingly, the
conserved N-terminal region, which in other Dbl familystudy, Bateman et al. demonstrate that heterozygosity
for trio enhances the phenotype of Dlar mutants. While GEFs functions to negatively regulate GEF activity, is
required for rescue, raising the possibility that regulatorsthis is consistent with Trio acting downstream of Dlar
(Figure 2E), a role for Trio in parallel to Dlar or away of Trio modulate the structure of this domain. In the
future, it will be interesting to know if the SH3-like do-from Dlar cannot be ruled out given that fly Trio lacks
the C-terminal serine/threonine kinase domain found in main and the spectrin repeats are also required for Trio
function in axon guidance. It may be only a short whilehuman Trio that binds to LAR (Debant et al., 1996). In
the Liebl et al. study, heterozygosity for trio enhances before researchers find molecules that bind these vari-
ous domains, allowing us to understand how Trio isthe phenotype of Abl mutants. Again, while this is con-
sistent with Trio and Abl functioning in the same path- linked to axon guidance proteins.
Trio also appears to be involved in other axon guid-way, it is also consistent with Trio functioning in parallel
with Abl, perhaps even in a different region of the growth ance signaling pathways that have yet to be investi-
gated. Trio protein is expressed widely in the nervouscone.
In Concert: Trio and Tyrosine Phosphorylation system, and the Trio phenotype is rather pleiotropic
(Awasaki et al., 2000). In the eye, some axons in trioThese studies raise the issue of whether tyrosine phos-
phorylation pathways regulate Trio activity during axon mutants arrest in the optic stalk (Figure 1D), a phenotype
not seen in dock or Pak mutants. In the embryonic motorguidance. In the photoreceptor projection, identification
of the receptors responsible for the local activation of projection, a certain proportion of trio ISNb axons fail
to extend to the branchpoint (Figure 2D), a phenotypeTrio in the growth cone will be informative. In the motor
axon projection, whether Dlar or currently unidentified seen with simultaneous loss of Dlar and two other trans-
membrane tyrosine phosphatases or with high doses ofreceptors regulate Trio remains to be established. Re-
gardless, there are several ways tyrosine phosphoryla- cytochalasin (Desai et al., 1997; Kaufmann et al., 1998).
These findings hint at the involvement of Trio in signalingtion pathways might affect Trio function. For one, Trio's
guanine nucleotide exchange activity might be altered pathways that remain to be characterized.
With the discovery of Trio as a key molecule in severalby tyrosine phosphorylation. There is no evidence for
tyrosine phosphorylation of Trio, but in the case of an- axon guidance models, the regulation of Rho GTPases
is no longer playing second fiddle to tyrosine phosphory-other Dbl family member, Vav1, phosphorylation on vari-
ous tyrosine residues can either activate or inhibit GEF lation in our understanding of axon guidance. Previous
to the current work on Trio, the evidence for Rhoactivity (Lopez-Lago et al., 2000). Alternatively, Dlar or
other axon guidance receptors might regulate Trio by GTPases playing an instructive role in guidance was not
conclusive. Now, as Trio is only one of many GEFs ratherrecruiting Trio to the inner surface of the plasma mem-
brane, analogous to how tyrosine kinase receptors re- than a universal component of the actin cytoskeleton,
we favor the idea that Rho GTPases not only allow forcruit Sos, a guanine nucleotide exchange factor for the
Cell
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Van Vactor, D. (1999). Current Biol. 9, R797±R799.growth cone motility, but also, through local differences
Zipkin, I.D., Kindt, R.M., and Kenyon, C.J. (1997). Cell 90, 883±894.in activity, determine the direction of axonal extension.
In Harmony at Last: Genetics and Biochemistry
The recent completion of the sequence of the fly genome
promises to facilitate the identification of mutant genes
uncovered in genetic screens for axon guidance mole-
cules. As a result, the list of signaling molecules required
for axon guidance is sure to grow. The challenge for
geneticists in the future will be to construct signaling
pathways from analysis of axon guidance phenotypes,
given the variety of signaling molecules whose loss re-
sults in similar phenotypes. For instance, genetic pertur-
bation of Trio, Abl, Rac, Ena, and profilin all result in
overlapping phenotypes in the ventral nerve cord and
the motor axon projection. Knowledge of the biochemi-
cal activities of molecules implicated in axon guidance
will be helpful for understanding how these molecules
function within signaling pathways in the context of neu-
ronal development. In recent years, biologists have de-
veloped a detailed understanding of how Rho GTPases
and various actin binding proteins modulate actin dy-
namics, and have established cellular and in vitro sys-
tems for studying them. Indeed, this knowledge has
already been used in the current set of studies to arrive
at a more complete understanding of Trio function. Now
that it is possible to study actin regulation in multiple in
vivo and in vitro systems, biologists can begin to fill in
the missing links that surround Trio in the network of
molecular interactions that make up axon guidance.
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